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Abstract: Per- and polyfluoroalkyl substances (PFAS), known as “forever 
chemicals”, are highly persistent environmental pollutants due to their strong 
carbon–fluorine bonds. Widely used across industries and consumer products, 
PFAS have accumulated in the environment, raising concerns about their bio-
accumulation, toxicity and mobility. Adsorption, particularly using activated 
carbon and ion exchange resins, is a suitable technique for PFAS removal from 
contaminated water. This study evaluates the sorption efficiency of granular 
and powdered activated carbon and two ion exchange resins to identify the 
most effective materials for remediation. All tested sorbents showed great per-
formance, however Amberlite IRA 402, and powdered activated carbon K/B 
were the most efficient. Based on the isotherm models used, it is suggested that 
physisorption is a dominant process, where the multilayer adsorption on a het-
erogeneous surface is being favoured. 
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INTRODUCTION 
Per- and polyfluoroalkyl substances (PFAS), often known as “forever 

chemicals”, are a group of manmade compounds currently under intense scrutiny. 
PFAS comprise thousands of individual chemicals, valued for their unique com-
mercial properties, such as heat resistance and water- and grease-repellent qual-
ities.1 In the last several decades, PFAS are widely used across industries, inc-
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luding construction, electronics, oil and gas, mining, semiconductors, recycling 
and transportation. They are also integral to producing ceramics, nanostructures, 
explosives, firefighting foams, medical devices, plastics, rubbers and refrigerants. 
In daily life, PFAS are present in adhesives, cleaning products, coatings, paints, 
cosmetics, personal care items, food packaging, pesticides, fertilizers and textiles. 
Their extensive use underscores their essential role in modern society, necess-
itating closer investigation of their production and environmental impact.2 
However, despite the highly valuable and important properties that have led to 
the widespread use of these compounds, one characteristic stands out in partic-
ular – their persistence in the environment. Namely, due to the strength of their 
carbon-fluorine bonds, all PFAS exhibit environmental persistence, with many 
being bioaccumulative, highly mobile and toxic. Their widespread use has led to 
their presence across various environmental compartments, complicating efforts 
to manage them.3 Significant efforts are being made to regulate the use of PFAS 
compounds in industry,4 but at the same time it is essential to focus on the env-
ironment where these compounds have already accumulated. 

One of the most studied methods for PFAS removal from water is adsorp-
tion. Adsorption involves the physical or chemical interaction between a solid 
surface (adsorbent) and a solute (adsorbate), where the adsorbate in this context 
is a pollutant in an aqueous solution. This technique enables the efficient treat-
ment of large volumes of water in a straightforward and compact manner, with 
manageable costs.5 Adsorption of PFAS could be performed using carbon-based 
materials (activated carbon, carbon nanotubes), ionic surfactants, anion exchange 
resins, composite materials but the overall efficacy depends on PFAS that are 
present in the environment, matrix characteristics as well as the properties of 
material used.6,7 Sorbents bind PFAS mainly through hydrophobic and electro-
static interactions, and their effectiveness often depends on surface area and por-
osity.8,9 In addition to adsorption, ion exchange process using ion exchange 
resins (IER) has received a lot of attention in the past couple of years.8 The 
immobilization of PFAS onto a sorbent has proven to be very efficient and easy 
to apply, however this method does not destroy PFAS, opening the question of 
safe disposal or possible reuse of the sorbent after the sorption process. However, 
given the very low concentrations of PFAS in the environment, the immobiliz-
ation could serve as an effective preliminary step for other remediation techno-
logies that are unsuitable for addressing low-level contamination in terms of their 
associated remediation costs.10. Hence the aim of this study was to evaluate the 
sorption efficiency of granular and powdered activated carbon, along with two 
ion exchange resins, to identify the most effective sorbent for future research on 
treating contaminated materials. Additionally, sorption behaviour of the sorbents 
that were most efficient in adsorbing of PFOA used as PFAS model compound 
was investigated. Removing PFAS from water not only reduces their mobility 
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and bioavailability but also promotes the desorption of PFAS from sediments, 
facilitating sediment purification and contributing to a comprehensive remediat-
ion strategy for contaminated environments. 

EXPERIMENTAL 
Chemicals  

Perfluorooctanoic acid (PFOA) was purchased from Sigma–Aldrich, Cat. No. 171468. 
Two types of activated carbon obtained from Trayal Corporation, Serbia, were used, granular 
activated carbon (KRF), as activated carbon in grain with particle size 0.25–1.0 mm, produced 
from carbonized coconut shell, activated by the water steam in static furnace, and powdered 
activated carbon (K/B powder), screen size of 0.080 mm at max. 70 %, produced from the 
same material and activated by the water steam in static furnace. Ion exchange resins: Amber-
lite® IRA402 chloride form, product number: 06466, batch number: bccg5078, brand: SIAL, 
CAS number: 52439-77-7, particle size: 600–750 μm, was purchased from Supelco and Amb-
erlite® IRA67 free base – gel form, 16–50 mesh (wet), product number: A9960, batch num-
ber: SLCB3374, brand: SIGMA, CAS number: 65899-87-8, MDL number: MFCD00145567, 
was purchased from Sigma–Aldrich. Native perfluorooctanoic acid standard and labelled stan-
dard of perfluoro-n-(13C8) octanoic acid, M8PFOA were purchased from Wellington Labor-
atories Inc. 
Study design 

A batch test to assess the adsorption of PFOA was performed by weighing 50 mg each of 
Amberlite IRA 402, Amberlite IRA 67 ionic exchange resin (activated overnight in distilled 
water) KRF and K/B powder into 50 mL vials and 25 mL of 100 mg/L PFOA. The experiment 
was conducted at the rotary shaker with 200 rpm during 24 h, after which an aliquot of 5 mL 
was filtered through 0.22 μm PP syringe filter and stored at 4 °C until analysis where the rem-
aining concentration of PFOA was determined.  

Additional batch tests were set up similarly to determine the behaviour of most efficient 
sorbents on different temperatures and with varying concentration of PFOA (5–35 ppm). The 
experiment was conducted at two temperatures, 4 and 28 °C, at the rotary shaker with 200 rpm 
during 24 h, after which an aliquot of 5 mL was filtered through 0.22 μm PP syringe filter and 
stored at 4 °C until analysis.  
Isotherm models 

The collected equilibrium data were analyzed using Langmuir, Freundlich, Temkin and 
Dubinin–Radushkevich isotherm models to identify the mechanisms that control the PFOA 
adsorption process.11 The Langmuir adsorption isotherm model treats the adsorption process 
as a chemical phenomenon, assuming that adsorption occurs on a homogeneous surface of the 
adsorbent and is limited to the formation of a monolayer. On the other hand, the Freundlich 
isotherm model describes multilayer adsorption on a heterogeneous adsorbent surface. The 
Temkin isotherm assumes that the heat of adsorption for all molecules on the adsorbent sur-
face decreases linearly with coverage due to adsorbate–adsorbent interactions. This model is 
characterized by multilayer adsorption with a uniform distribution of binding energies. The 
Dubinin–Radushkevich model can describe adsorption on heterogeneous surfaces and pro-
vides valuable insights into the energy distribution and nature of the adsorption process. The 
OriginPro 2021 Software was used for the isotherms’ linear regression analyses. Two error 
functions, the coefficient of determination (R2) and chi-square (χ2) test, were used to ensure 
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accurate and consistent estimations for fitting the experimental data to the investigated iso-
thermal models.12 
Liquid chromatography coupled to tandem mass spectrometry 

Quantitative analysis of PFOA was performed using a Thermo Scientific Accela high 
performance liquid chromatograph (HPLC) with a triple quadrupole mass analyser TSQ 
Quantum Access MAX (Thermo Fisher Scientific, USA). The column used was a Waters 
Acquity UPLC BEH Shield RP18 Column, (130 Å, 1.7 μm, 2.1 mm×100 mm, Waters, USA) 
equipped with security guard ultra holder for UHPLC Columns (2.1 to 4.6 mm, Phenomenex, 
USA) with SecurityGuard ULTRA cartridges for EVO-C18 and elution was performed using 
a mobile phase consisting of ultrapure water, 0.1 % HCOOH, 5 mM HCOONH4 (solution A) 
and MeOH, 0.1 % HCOOH, 5 mM HCOONH4 (solution B) as follows: 0 min: 72 % A, 28 % 
B; 4.5 min: 15 % A, 85 % B; 4.6 min: 1 % A, 99 % B; 10 min: 1 % A, 99 % B; 12 min: 72 % 
A, 28 % B. The column flow was 250 μL/min and column temperature 40 °C. The ionization 
was performed in H-ESI mode. The mass spectrometer operated in negative ionization mode. 
M8PFOA was used as an injection standard. Parameters of MS/MS analysis are given in the 
Table I. Prior to injection, the samples were filtered through 0.22 μm PP syringe filters, pre-
viously rinsed with methanol. Data analyses were performed using Thermo Xcalibur 3.0.63, 
2014 software (Thermo Fisher Scientific, USA). 

TABLE I. MS/MS parameters for PFOA analysis 
Parameter PFOA M8PFOA 
Standard type Native standard Injection standard 
Retention time, min 4.21 4.21 
Parent ion (m/z) 413 421 
Quantification ion (m/z) 369 376 
Confirmation ion (m/z) 169 172 
Cone voltage, eV 10 10 
Collision energy Q1, eV 17 18 
Collision energy Q2, eV 10 10 
Scan time, s 0.05 0.05 
Scan width (m/z) 0.2 0.2 

RESULTS AND DISCUSSION 

Batch test for assessing the adsorption efficacy of four different sorbents was 
investigated, and the results are shown in the Table II. The PFOA concentrations 
remaining after the incubation period adsorption onto activated carbons are ext-
remely low, with the adsorption efficiency reaching over 95 % for all tested act-
ivated carbons. Ion exchange resins were also very effective in the PFOA ads-
orption, with over 90 % adsorption with IRA 67 and 99 % with IRA 402. 

Since the best adsorption results were obtained using IRA 402 and K/B pow-
der, these two sorbents were investigated in more detail. Four commonly used 
isotherm models, Langmuir, Freundlich, Temkin and Dubinin–Radushkevich, 
were applied to analyse and discusse experimentally obtained data. The values of 
the calculated isotherm parameters and the corresponding error functions for 
PFOA on K/B and IRA 402 are given in Tables III and  IV, respectively. 
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TABLE II. Results of the batch adsorption test using different sorbents 
Sorbent PFOA concentration, mg/L Adsorption of PFOA, % 
KRF 4.65 95.35 
K/B powder 1.05 98.95 
IRA 67 9.02 90.98 
IRA 402 0.34 99.66 

TABLE III. Parameters of the Langmuir, Freundlich, Temkin and Dubinin–Radushkevich 
isotherm models of PFOA adsorption on K/B 
Isotherm Parameter Value 
Langmuir t / °C 28 4 

qm, L / mg g-1 12.75 11.74 
KL / L mg-1 5.98 16.71 

RL 1.10×10-2 3.99×10-3 
R2 0.827 0.685 
χ2 1.107 2.150 

qm, L / mg g-1 12.75 11.74 
Freundlich KF / dm3 g-1 9.34 10.46 

n 2.95 3.51 
R2 0.949 0.922 
χ2 0.527 0.703 

 KT / dm3 g-1 56,61 162.10 
 bT / kJ mol-1 0.96 1.03 
Temkin R2 0.969 0.937 
 χ2 0.268 0.540 
Dubinin–Radushkevich qm,DR / mg g-1 12.43 12.37 

KDR / mol2 J-2 2.58×10-8 1.81×10-8 
E / kJ mol-1 4.40 5.26 

R2 0.811 0.775 
χ2 1.312 1.585 

C3a D3 30 

As can be seen from Fig. 1, the Langmuir adsorption isotherms for K/B and 
IRA 402 showed good agreement with experimental data at low initial concen-
tration values (5–20 ppm). At higher initial concentrations of PFOA, the experi-
mental data show a deviation from the Langmuir model, which indicates that the 
adsorption process continues even after the formation of a monolayer on the 
active sites. The Langmuir constant (KL) is a measure of the adsorption energy. 
Lower KL values for IRA 402 adsorbent (0.02 L/mg for 28 °C and 3.73×10–3 
L/mg for 4 °C) indicate that physisorption is more dominant than chemisorption 
during PFOA adsorption. The value of the dimensionless separation factor (RL), 
indicates the adsorption nature as favourable (0 < RL < 1), linear (RL = 1) or 
irreversible (RL = 0). RL values for K/B and IRA 402 range from 3.99×10–3 to 
0.93 indicating that adsorption is favoured. 
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TABLE IV. Parameters of the Langmuir, Freundlich, Temkin and Dubinin-Radushkevich 
isotherm models of PFOA adsorption on IRA 402 
Isotherm Parameter Value 
Langmuir t / °C 28 4 

qm, L / mg g-1 51.28 123.45 
KL / L mg-1 0.02 3.73×10-3 

RL 0.71 0.93 
R2 0.859 0.767 
χ2 1.509 1.389 

qm, L / mg g-1 51.28 123.45 
Freundlich KF / dm3 g-1 1.41 0.61 

n 1.30 1.17 
R2 0.862 0.775 
χ2 1.236 1.252 

 KT / dm3 g-1 0.81 0.48 
 bT / kJ mol-1 0.62 0.73 
Temkin R2 0.871 0.808 
 χ2 0.828 0.760 
Dubinin–Radushkevich qm,DR / mg g-1 9.39 6.58 

KDR / mol2 J-2 1.77×10-6 4.34×10-6 
E / kJ mol-1 0.53 0.34 

R2 0.818 0.743 
χ2 0.935 0.962 

C3a 9.39 6.58 

 
Fig. 1. Langmuir adsorption isotherms for: a) IRA 402 and b) K/B at 28 and 4 °C (conditions: 

Co, 5– 35 ppm, mads = 50 mg, V = 25 ml, τ = 24 h). 

The low values of the coefficient of determination and high values of the 
chi-square test for the Langmuir isotherm model mean that the applied isotherm 
could not be used to predict the PFOA adsorption process on both adsorbents. 
Therefore, linear fitting of the Freundlich adsorption isotherm model was applied 
to the experimental data. The results are shown in Fig. 2.  
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Fig. 2. Freundlich adsorption isotherms for: a) IRA 402 and b) K/B at 28 and 4 °C 

(conditions: Co, 5–35 ppm, mads = 50 mg, V = 25 ml, τ = 24 h). 

Based on the R2 and χ2 values for the Freundlich adsorption isotherm, the 
adsorption isotherms show a slightly better agreement with the experimental 
results compared to the Langmuir model on both materials and at both tested 
temperatures, which indicates that the adsorption takes place on a heterogeneous 
surface through multilayer adsorption. The Freundlich constant (KF) indicates the 
adsorption strength. Based on the obtained results for KF values, it can be con-
cluded that a higher adsorption capacity is achieved with K/B adsorbent than 
with IRA 402, which is in accordance with the experimentally obtained data. 
Likewise, based on the 1/n value, which is in the range of 0.28 to 0.85, it can be 
concluded that the analysed adsorption processes on K/B and IRA 402 adsorbent 
are favoured.11 The heterogeneous nature of adsorption increases with decreasing 
temperature because the value of 1/n is lower at lower temperatures, as can be 
seen from Tables III and IV.  

Further, the experimental data were also analysed by the Temkin adsorption 
isotherm model. Graphic representations of experimental results fitted with a lin-
earized form of the Temkin isotherm model for PFOA adsorption on K/B and 
IRA 402 are shown in Fig. 3. Based on the obtained results shown in Tables III 
and IV for R2 and χ2, it can be concluded that the mentioned model best des-
cribes the adsorption processes at both investigated temperatures for K/B and 
IRA 402 adsorbents. The bT values are greater than 0, which indicates exotherm-
mic adsorption processes. The higher KT values for the K/B adsorbent at both 
investigated temperatures suggest a greater adsorption capacity for PFOA com-
pared to that of IRA 402. 

The Dubinin–Radushkevich adsorption isotherm model was used to deter-
mine the type of adsorbate–adsorbent interaction during the adsorption process. 
Fig. 4 shows the fitting curves of linear regression for PFOA adsorption onto 
IRA 402 and K/B adsorbents. The values of the Dubinin–Radushkevich constant 
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(KDR) for K/B adsorbent were 2.58×10–8 and 1.81×10–8 mol2/J2, while for IRA 
402 amounted to 1.77×10–6 and 4.34×10–6 mol2/J2 at 28 and 4 °C, respectively. 
Based on the obtained KDR values, the energies of the adsorption processes (E) 
were determined. The values of E for the PFOA adsorption on K/B and IRA 402 
adsorbents range from 0.34 to 5.26 kJ/mol, which corresponds to physisorption 
(E < 8 kJ/mol).13 

 
Fig. 3. Temkin adsorption isotherms for: a) IRA 402 and b) K/B at 28 and 4 °C (conditions: 

Co, 5–35 ppm, mads = 50 mg, V = 25 ml, τ = 24 h). 

 
Fig. 4. Dubinin–Radushkevich adsorption isotherms for: a) IRA 402 and b) K/B at 28 

and 4 °C (conditions: Co, 5–35 ppm, mads = 50 mg, V = 25 ml, τ = 24 h). 

CONCLUSION 

This study applied four well-known two-parameter isotherm models to better 
understand the PFOA adsorption mechanism onto K/B and IRA 402 adsorbents. 
The Langmuir isotherm model showed compatibility with experimental data at 
low PFOA concentrations, supporting monolayer adsorption on a homogeneous 
surface. However, deviations at higher concentrations, indicated by low R2 
values and high chi-square values, suggest multilayer adsorption or interactions 
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beyond a single monolayer. The Freundlich model provided a slightly better fit, 
suggesting multilayer adsorption on a heterogeneous surface, as supported by the 
Freundlich constant (KF) and 1/n values (0.28–0.85), which indicate favourable 
adsorption, especially at lower temperatures. This temperature dependence fur-
ther highlights the heterogeneous nature of the adsorption sites. The Temkin 
model best described the adsorption processes for both adsorbents at all tempe-
ratures, indicating exothermic and multilayer adsorption, as reflected in the posit-
ive bT values. The higher KT values for the K/B adsorbent indicate a greater ads-
orption capacity for PFOA compared to that of IRA 402. Lastly, the Dubinin– 
–Radushkevich model helped confirm that the adsorption process primarily inv-
olves physisorption, as the energy values (E) were consistently below 8 kJ/mol. 
In conclusion, PFOA adsorption on K/B and IRA 402 follows a predominantly 
physisorption process, with multilayer adsorption on a heterogeneous surface 
being favoured, particularly for K/B. This understanding of adsorption mech-
anisms and affinities across isotherm models can form more effective adsorbent 
selection and optimization for PFOA removal in future applications. 

Acknowledgements. This research was supported by Project “VISION” funded by the 
company Solvay Specialty Polymers Italy S.p.A. The activated carbons were obtained from 
the Trayal Corporation, Serbia. 

И З В О Д  

АНАЛИЗА АДСОРПЦИJE PFOA НА АКТИВНОМ УГЉЕНИКУ И 
ЈОНОИЗМЕЊИВАЧКИМ СМОЛАМА: УПОРЕДНА СТУДИЈА 

НА ОСНОВУ ЧЕТИРИ МОДЕЛА ИЗОТЕРМИ 

КРИСТИНА Б. КАСАЛИЦА1, НАТАЛИЈА ПЕТРОНИЈЕВИЋ2, ЈЕЛЕНА РАДУЛОВИЋ3, ЛАТИНКА СЛАВКОВИЋ 
БЕШКОСКИ3, МАРИЈА Б. ЉЕШЕВИЋ1, БОЈАНА МАРКОВИЋ1 и ВЛАДИМИР П. БЕШКОСКИ2 

1Универзитет у Београду – Институт за хемију, технологију и металургију, Институт од 
националног значаја за Републику Србију, Његошева 12, Београд, 2Универзитет у Београду – 

Хемијски факултет, Студентски трг 12–16, Београд и 3Анахем доо, Београд 

Пер- и полифлуороалкилна једињења (PFAS), позната као „вечне хемикалије“, 
представљају дуготрајне загађујуће супстанце услед присуства јаких угљеник–флу-
ор веза. Ова једињења су нашла широку употребу у индустрији и роби широке 
потрошње те су тако ослобођена и у животну средину, што је довело до забри-
нутости због њихове биоакумулације, токсичности и мобилности. Адсорпција, 
посебно коришћењем активног угља и јоноизмењивачких смола, представља по-
годну технику за уклањање PFAS из контаминиране воде. У овој студији проце-
њена је ефикасност сорпције гранулисаног и прашкастог активног угља, као и две 
јоноизмењивачке смоле, како би се идентификовали најефикаснији материјали за 
ремедијацију. Сви тестирани сорбенти показали су одличне резултате, али су Amb-
erlite IRA 402 и прашкасти активни угаљ K/B били најефикаснији. На основу при-
мењених изотермских модела, закључак је да је физисорпција доминантан процес, 
при чему је фаворизована мултислојна адсорпција на хетерогеној површини. 

(Примљено 20. новембра, ревидирано 26. новембра, прихваћено 1. децембра 2024) 
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